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Influence of temperature on the nodal properties of the longitudinal thermal
conductivity of YBa2Cu3O7−x
Roberto Ocan˜a and Pablo Esquinazi
Abteilung Supraleitung und Magnetismus, Institut fu¨r Experimentelle Physik II,
Universita¨t Leipzig, Linne´str. 5, D-04103 Leipzig, Germany
The angle dependence at different temperatures of the longitudinal thermal conductivity κxx(θ)
in the presence of a planar magnetic field is presented. In order to study the influence of the gap
symmetry on the thermal transport, angular scans were measured up to a few Kelvin below the
critical temperature Tc. We found that the four-fold oscillation of κxx(θ) vanishes at T > 20 K and
transforms into a one-fold oscillation with maximum conductivity for a field of 8 T applied parallel
to the heat current. Nevertheless, the results indicate that the d−wave pairing symmetry remains
the main pairing symmetry of the order parameter up to Tc. Numerical results of the thermal
conductivity using an Andreev reflection model for the scattering of quasiparticles by supercurrents
under the assumption of d−wave symmetry provide a semiquantitative description of the overall
results.
PACS numbers: 74.25.Fy,74.72.Bk,72.15.He
I. INTRODUCTION
The order parameter in high-temperature supercon-
ductors (HTS) has been proved to have mainly a dx2−y2
pairing symmetry.1,2,3,4 In particular, try-crystal phase-
sensitive measurements1 have determined the presence
of a predominant dx2−y2−gap symmetry up to the su-
perconducting critical temperature Tc over, if any, other
minor components smaller than 5% of that with the
dx2−y2−symmetry. Thermal transport measurements
have also shown the predominance of this symmetry for
the gap function. In particular, when a magnetic field
is rotated parallel to the CuO2 planes, the longitudinal
thermal conductivity shows a fourfold oscillation which
can be explained in terms of both Andreev scattering of
quasiparticles by vortices (AS) and Doppler shift (DS) in
the energy spectrum of the quasiparticles if one takes a
dx2−y2−gap into account.
2,3,4 Nevertheless, the fourfold
oscillation in the thermal conductivity has been resolved
up to ∼ 15 K. Above this temperature, no direct evidence
for this type of symmetry from this kind of measurements
has been published. Furthermore, deviations from the ex-
pected angular pattern within a pure dx2−y2−symmetry
have been attributed to the effect of pinning of vortices.2
The variation of the thermal conductivity as a function
of angle θ between the heat current and the magnetic
field applied parallel to the CuO2 planes depends mainly
on the heat transport by quasiparticles, their interac-
tion with the supercurrents (vortices) and the symmetry
of the order parameter.2,3,4 An angular pattern showing
properties of the order parameter symmetry can only be
achieved when the temperature is low enough so that the
quasiparticle momentum is close to the nodal directions
of the gap. Otherwise, thermal activation would also in-
duce quasiparticles at different orientations from those of
the nodes and hence, the sensitivity of the probe to mea-
sure gap characteristics will be reduced. The first ques-
tion we address in this paper is related to the temperature
range at which the nodal characteristics of the gap are
directly observable by thermal conductivity. The second
question we would like to clarify in this paper is whether
the thermal activation of quasiparticles with increasing
temperature, treated phenomenologically within a Fermi
liquid approximation for thermal transport including the
dx2−y2−gap function, can explain the experimental re-
sults in the whole temperature range, in particular the
change of symmetry of κxx(θ) as a function of tempera-
ture. In this paper, we calculate numerically the thermal
conductivity at different angles and temperatures at fixed
magnetic field, assuming an Andreev reflection model for
the scattering of quasiparticles by supercurrents, orig-
inally proposed by Yu et al.5,6,7 within the two dimen-
sional BRT expression8 for the thermal conductivity, and
compare it to the experimental data.
Angle scans in a magnetic field applied parallel to the
CuO2 planes were performed in order to measure the
angular variation of the longitudinal thermal conductiv-
ity κxx(θ) in two single crystals of YBa2Cu3O7−x high-
temperature superconductor. The overall results agree
with the theoretical model and confirm the predominance
of the dx2−y2−gap up to Tc. The measurements provide
also new results that improve our knowledge of the ther-
mal transport at temperatures at which the nodal prop-
erties of the gap are not directly observable.
Following the experimental and sample details of the
next section, we present in Sec. III the main experimen-
tal results. In Sec. IV we describe the used model and
compare it with the experimental data. A brief summary
is given in Sec. V.
II. EXPERIMENTAL AND SAMPLE DETAILS
In order to rule out effects concerning shape and struc-
ture characteristics of the crystal we have used two dif-
ferent samples of YBa2Cu3O7−x (YBCO): a twinned sin-
gle crystal with dimensions (length × width × thick-
ness) 0.83 × 0.6 × 0.045 mm3 and critical temperature
2FIG. 1: Top view of the sample arrangement and the defini-
tion of the angle θ.
Tc = 93.4 K previously studied in Refs.
4,9,10,11 and an
untwinned single crystal with dimensions 2.02 × 0.68 ×
0.14 mm3 and Tc = 88 K.
11 For the measurement of the
thermal conductivity, a heat current J was applied along
the longest axis of the crystal studied. In the untwinned
sample, J was parallel to the a-axis and in the twinned
crystal was parallel to the a/b-axes (twin planes oriented
along (110)). In both cases the position of the lattice
axis with respect to the crystal axis was determined us-
ing polarized light microscopy and X-ray diffraction.
The longitudinal temperature gradient (∇xT ) was
measured using previously calibrated chromel-constantan
(type E) thermocouples12 and a dc picovoltmeter. Spe-
cial efforts were made in order to minimize the misalign-
ment of the plane of rotation of the magnetic field applied
perpendicular to the c-axis with the CuO2 planes of the
sample. This misalignment was minimized step by step,
measuring the angle dependence of κxx(θ) until a sat-
isfactory symmetrical curve was obtained. In this way,
we estimate a misalignment smaller than 0.50. An in-
situ rotation system enabled measurement of the thermal
conductivity as a function of the angle θ defined between
the applied field and the heat flow direction along +x̂, see
Fig. 1. For more details on the experimental arrangement
see Ref.4.
As pointed out by Aubin et al.2 and observed in
Refs.4,9, the effect of the pinning of vortices plays an
important role in determining the correct angle pattern
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FIG. 2: Temperature dependence of the longitudinal thermal
conductivity κxx for the twinned and untwinned crystals. The
curves are normalized by the value of the thermal conductiv-
ity at Tc. Within ∼ 30% error the absolute value of the ther-
mal conductivity at Tc for the untwinned (twinned) crystal is
κxx(Tc) ≃ 12(8) W/Km.
in this kind of measurement. In fact, when the angle
of the magnetic field is changed, a non uniform vortex
distribution due to pinning forces may appear. As ar-
gued in Ref.4, the pinning of the Josephson-like vortices
parallel to the planes is strongly affected by vortices per-
pendicular to the planes which may appear due to the
misalignment of the crystal axes with respect to the ap-
plied magnetic field. In this situation, even hysteresis
in the angular patterns of the thermal conductivity can
be measured.2 We note that pinning of vortices is influ-
enced by the distribution of the oxygen vacancies in the
sample as well as by defects and impurity centers. Thus,
in order to rule out the influence of this effect in the
measurements, a field-cooled procedure have to be used.
This procedure consists of two steps. In the first step the
sample is driven into the normal state by heating to a
few Kelvin above Tc and the angle is changed. Secondly,
it is cooled down to the desired temperature at constant
field.
In Fig. 2 we show the longitudinal thermal conductiv-
ity as a function of the temperature in both crystals at
zero magnetic field. As argued by many authors (see for
example Refs.13,14,15), the observed behavior in Fig. 2
provides qualitative information about the quality of the
sample. The height of the peak observed in the tem-
perature dependence of the thermal conductivity is re-
lated to the relative contributions between the density
of impurity scattering centers and the strength of the
inelastic electron-electron scattering. Crystals showing
large peaks may have a small amount of impurity scatter-
ing centers16 and/or larger quasiparticle-related inelas-
tic contribution. The origin of the peak is explained in
terms of a competition between the decrease of the in-
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FIG. 3: Angle dependence of the longitudinal thermal con-
ductivity at different temperatures for the twinned sample.
The results are normalized to the value of the thermal con-
ductivity at θ = 90◦, when the field was applied perpendicular
to the heat current. Solid circles are taken in a magnetic field
strength of 8 T and open circles at 3 T.
elastic scattering rate17 and the decrease of the popu-
lation of quasiparticles as temperature decreases.14,18,19
Taking this into account we might conclude that the un-
twinned crystal has a larger impurity scattering and a
smaller quasiparticle-related inelastic scattering since its
peak is considerably smaller than that of the twinned
sample. This is supported by its reduced Tc with respect
to the twinned sample (which indicates a larger density
of oxygen vacancies). Since the thermal conductivity at
Tc appears to be larger for the untwinned sample, we
conclude that there should be a substantial reduction of
the inelastic scattering. As we show below, this makes
the measurement of electronic properties related to the
gap symmetry more difficult.
III. EXPERIMENTAL RESULTS AND
DISCUSSION
The angular patterns of the longitudinal thermal con-
ductivity κxx at different temperatures for the twinned
and untwinned crystals are shown in Figs. 3 and 4 re-
spectively. At low enough temperatures (T < 20K), a
magnetic field parallel to the CuO2 planes of the sample
produces a fourfold oscillation in the longitudinal ther-
mal conductivity as the field is rotated from θ = 90◦ to
θ = −90◦. We note that at both θ = 90◦ and θ = −90◦
the magnetic field is perpendicular to the heat flow. At
θ = 0◦ the field is parallel to the heat flow (see Fig. 1).
As noted in Refs.2 and4 the angular patterns are not free
of the phononic contribution to the total thermal conduc-
tivity. However, this contribution seems to be constant
under variations of the magnetic field orientations for two
reasons. 1) For fields parallel to the CuO2 planes, vortices
are unlikely to have a normal core (Josephson vortices),
making a change of the phonon attenuation with field and
angle unlikely. 2) There is no experimental evidence that
the phononic contribution does change substantially with
field. The similarity between the temperature dependen-
cies of κxx and κxy below Tc where a large change in the
quasiparticle density ocurrs10, indicates that the phonon-
electron interaction does not play a main role in the tem-
perature dependence of κ. The electronic contribution is
entirely responsible for the magnetic field dependence,
revealed in both thermal conductivity10,20,21,22 and in
microwave measurements17, and indicates against any
large phonon-electron scattering. In fact, no remarkable
phonon-electron scattering have been addressed in those
experiments where the measured magnetic field depen-
dencies are larger than the oscillation amplitudes mea-
sured in this paper. Therefore, measurable contributions
of the phonons via phonon-electron scattering are more
unlikely to occur in the angular patterns. This charac-
teristic makes the angular profiles of the thermal conduc-
tivity suitable to be compared with electronic models by
using the quantity κxx(θ)−κxx(90
◦) where the phononic
contribution is subtracted4.
As pointed out in Ref.4, the variation of the thermal
conductivity in Figs. 3 and 4 can be explained with a
model involving a Doppler shift (DS) in the energy spec-
trum of the quasiparticles along with an accurate inclu-
sion of the impurity scattering14,15,23,24 and/or assuming
Andreev scattering (AS) of quasiparticles by vortices5.
Briefly, in the mixed state the quasiparticles are in the
presence of a phase gradient produced by the superfluid
flow of the vortices. Thus, as viewed from the laboratory
frame they experience a Doppler shift in their energy
spectrum given by the scalar product of the momentum
and superfluid velocity, p·vs. When a quasiparticle of
momentum p is moving parallel to the magnetic field,
the product is zero and hence, no DS occurs. Thus, the
angular characteristic of this effect is to produce an ex-
cess of quasiparticles in the direction perpendicular to the
field and thereby, reducing the “local” thermal resistance
at this orientation14,23,24. When the field is placed paral-
lel to the heat current, the Doppler shift is the same for
both nodal directions at θ = 45◦ and θ = −45◦. There-
fore and since thermal resistances must be added in par-
allel, a simple picture in which there are only quasipar-
4ticles at the nodes would produce a fourfold oscillation
in the thermal conductivity with opposite sign to that
observed in the measurements. However, as pointed out
in Refs.14,15,24, the DS affects both the carrier density
as well as the scattering rate of quasiparticles, and since
at high enough temperatures the latter dominates, the
quasiparticles move more easily parallel to the magnetic
field. Therefore, the sign of the fourfold oscillation ob-
served in the experiments is also recovered within this
picture.
In the AS mechanism a phase gradient, namely, the
superfluid flow surrounding the vortices may induce An-
dreev reflection of the quasiparticles25. Thus, the DS in
the energy spectrum p·vs is implicitly taken into account
in the AS picture. As viewed from the laboratory frame,
when the quasiparticle energy equals the value of the gap,
then the quasiparticle is transformed into a quasihole re-
versing its velocity and hence, decreasing its contribution
to the thermal conductivity. Thus, a quasiparticle with
momentum p parallel to the magnetic field does not ex-
perience a DS and hence, no Andreev reflection can take
place. The field acts as a filter26 for the quasiparticle
that contributes to reduce the total temperature gradi-
ent. Note that the AS picture gives rise to a fourfold
oscillation in the thermal conductivity as the magnetic
field is rotated parallel to the CuO2 planes without more
considerations.
Then, qualitatively both AS and DS can explain in
principle the angle profiles observed at low temperatures.
However as pointed out in Ref.4, neither AS nor DS alone
can explain the magnetic field dependence of the oscilla-
tion amplitude in the whole field range 0 T ≤ B ≤ 9 T.
Therefore, a more realistic picture of the thermal trans-
port should take both into account. As argued in Ref.27,
this scenario produces different regimes influenced by the
predominance of either the DS or the AS in the mag-
netic field dependence. Thus, at constant temperature
the strength of the magnetic field becomes the parame-
ter that changes the regime. At low magnetic fields the
DS dominates and the AS dominates at high fields4,27.
In both cases, an increase of the oscillation amplitudes
with increasing magnetic field strength is predicted. In
Fig. 3 the oscillation amplitudes of the thermal conduc-
tivity at 3 T and 8 T for different temperatures in the
twinned crystal are shown.
As the temperature increases the fourfold oscillation
is no longer observable, see Figs. 3 and 4. This fact
can be understood if one takes into account the thermal
activation of the quasiparticles at different orientations
from those of the nodes of the order parameter. In other
words, if we suppose that the same processes that gov-
ern the thermal transport at low temperatures (AS and
DS) are responsible for the high temperature behavior as
well, we have to conclude that an increasing number of
carriers appears in the direction of the heat current as
the temperature is raised. As we shall see below from
the numerical results using the AS model, this is, in fact,
what takes place as the temperature is increased. How-
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FIG. 4: Angle dependence patterns of the longitudinal ther-
mal conductivity at different temperatures and 8 T for the
untwinned sample. The results are normalized to the value of
the thermal conductivity when the field was applied perpen-
dicular to the heat current, at θ = 90◦.
ever, although the observed angle profiles can be well
described by the numerical analysis, the amplitude of
the oscillations are smaller than the simulation results at
T > 30 K. As argued for the peak of the curves in Fig. 2
and shown in the following section, this discrepancy can
be solved by the inclusion of an inelastic scattering into
the calculations.13,17
In Fig. 4 we show the angle dependence of the un-
twinned crystal at 8 T. Similar angle profiles as for the
twinned sample have been found, but the amplitude of
the oscillation is considerably smaller. This can be ex-
plained in terms of a larger concentration of impurity
scatterers in the untwinned sample, as discussed above
and in Ref.11. In fact, if the impurity scattering rate
is sufficiently large, the relative weight of the direction-
ality of the AS and DS mechanisms to κxx(θ) weakens.
The influence of the impurity scattering has been consid-
ered in the original models by inclusion of an impurity
rate.5,14,23,24
We note also that the symmetry of the κxx(θ)−curves
differs slightly for the twinned and untwinned samples at
the same absolute or reduced temperature. The effect of
impurity scatterers can be accounted for by an impurity
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FIG. 5: Angle dependence patterns of the longitudinal ther-
mal conductivity at different temperatures and at 8 T for
the twinned sample. The value of the thermal conductivity
at θ = 90◦ was subtracted to facilitate the comparison with
theory. An offset has been added to every curve in order to
distinguish the change in the symmetry as the temperature
increases.
dependent gap parameter as done in Ref.23. In general,
however, it can be viewed as an effect related to the ratio
of the modulus of the gap and the density of states of
the quasiparticles at a temperature T and momentum p.
Therefore, since our twinned sample has a larger critical
temperature Tc than our untwinned sample, the oxygen
deficiency in the latter could be also responsible for a
reduced density of states, and therefore, for a different
angle patterns respect to the sample with a higher Tc.
Figure 5 shows the complete angle patterns measured
in the twinned crystal at 8 T. At T > 78 K no clear
change in the thermal conductivity when the field is ro-
tated parallel to the CuO2 planes is observed. This can
be explained by taking into account the temperature de-
pendence of the gap, which vanishes at Tc, and the rela-
tive increase of the inelastic scattering rate.
IV. COMPARISON WITH THE
TWO-DIMENSIONAL THERMAL TRANSPORT
THEORY
To compare the experimental results with theory we
take recently published results of the longitudinal and
transverse thermal conductivity4 into account that indi-
cate that at high fields (B > 2 T), applied parallel to
the planes, the main scattering mechanism for the quasi-
particles appears to be the Andreev reflection by vortex
supercurrents.25 Therefore, we use the formulation pro-
posed by Yu et al.5 using a two dimensional model of
the BRT expression for the thermal conductivity,8 which
has been useful in the interpretation and discussion of
previous results.2,4,11 Under this model the longitudinal
thermal conductivity can be written as
κelxx =
1
2pi2ckBT 2~2
∫
∞
pF
d2p
vgxvgxE
2
p
Γ(B,p, T )
sech2
(
Ep
2kBT
)
,
(1)
where vgx is the the x-axis component of the group ve-
locity, and Ep is the quasiparticle energy. For this en-
ergy we use a free quasiparticle model E2
p
= (p2/2meff −
µ)2 + ∆2(p, T ) where meff is the effective mass of the
quasiparticle. Γ(B,p, T ) may be taken as a relaxation
rate given by the sum of the following scattering mech-
anisms acting in series: scattering of QP by impuri-
ties Γimp(p), by phonons Γph(p, T ),
18,19,28 by quasipar-
ticles Γqp(B,p, T )
13,29 and AS by vortex supercurrents
Γv(B,p, T ).
5 The expression for this scattering rate ac-
cording to the model for the AS, proposed by Yu et al.5,
is given by
Γv(B,p, T ) = Γ
0
v exp
{
−m2a2υ [Ep − |∆(p, T )|]
2
p2F~
2 ln(aυ/ξ0) sin
2 ψ(p)
}
,
(2)
where aυ is the intervortex spacing given in this model
by
a2υ =
p2F~
2
pi∆20γm
2
e
Babc2
B
. (3)
We use the BCS-like parameterization for the tempera-
ture dependence of the gap amplitude
∆(T ) = ∆0 tanh
(
2.2
√
Tc
T
− 1
)
, (4)
and the dx2−y2-pairing symmetry in the resulting gap
∆(p, T ) enters as follows
∆(p, T ) = ∆(T )
[
cos(pxa/~)− cos(pya/~)
1− cos(pFa/~)
]
. (5)
We showed recently4 that at low temperatures and
high fields, a quantitative agreement between this model
and the oscillation amplitudes of the thermal conductiv-
ity tensor is achieved only if the intervortex spacing is
6increased by about five times the value defined in Eq.(3)
if we use the parameters from Ref.5 (∆0 = 20 meV,
Ginzburg-Landau parameter κ = 100, anisotropy γ = 4,
Babc2 = 650 T). Furthermore, from those fits
4 for the
twinned crystal we obtained a momentum independent
impurity scattering Γ−1imp ≃ 0.12 ps and (Γ
0
v)
−1(B =
Bc2) ≃ (3/2)Γ
−1
imp. Assuming a total scattering rate
given by the sum of the AS and impurity rates, i.e.
Γ(B,p, T ) = Γv(B,p, T ) + Γimp, the model given by
Eqs. (1) to (5) reproduces remarkably well the symmetry
of the curves in Fig. 5 in the whole measured tempera-
ture range. Because in this calculation we do not take
explicitly into account the inelastic scattering rate Γin
given by phonons Γph and by quasiparticles Γqp, the cal-
culated oscillation amplitude above 20 K increases up to
∼ 10 times that observed in the experiment.
In fig. 6 we show the results of the numerical simula-
tion. Each of the curves in this figure has been multiplied
by a factor f(T ) in order to fit the experimental oscilla-
tion amplitude (Fig. 5). We note that the symmetry of
the results can be explained quite satisfactorily by this
model. This result, on one hand, supports the predomi-
nance of dx2−y2-pairing symmetry of the order parameter
up to temperatures close to Tc and, on the other hand,
confirms the idea of a competition between the thermal
activation of quasiparticles in the direction of the ther-
mal current and the gap structure. We note that the
dx2−y2-gap symmetry is the only gap function that can
explain the whole angular patterns up to Tc. Of course,
a s-gap also gives a onefold oscillation similar to the ex-
periments above ∼ 50 K, but it does produce neither the
fourfold oscillation below ∼ 15 K nor the curves between
15 K and 50 K. Thus, the set of curves in Fig. 5 can
be only explained if one uses a main dx2−y2-gap into the
calculations. Furthermore , the anisotropy of d-wave gap
proposed for BSCCO,30 does not seem to occur in YBCO
since in the latter the nodes are observed at both field
orientations θ= 45◦ and θ= -45◦(see also Refs.2,4,5).
The factor f(T ) is related to the inelastic scattering
rate Γin, which was not taken explicitly into account in
the previous calculations. However, an approximation
can be carried out to get roughly the temperature de-
pendence of the total scattering rate, which could be in
part associated to the temperature dependence of Γin.
Since the AS mechanism is weakly temperature depen-
dent below T/Tc < 0.8, we may approximate the total
scattering rate as
Γimp + Γv + Γin ∼ (Γimp + Γv)f
−1(T ) . (6)
The temperature dependence of the inelastic scattering
rate is given then by the factor f(T ) in this approxima-
tion as
Γin ∝ f
−1(T )− 1 . (7)
In Fig. 7 we plot f−1(T ) − 1. As expected, we recover
the overall behavior of the inelastic scattering rate al-
ready described by many authors13,18,19,28,29. Below Tc
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mal conductivity at different temperatures and 8 T calculated
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a function of reduced temperature in a logarithmic scale. The
dashed line is a fit of the data to a T 5 dependence and the
solid line follows a T 4 dependence.
7it decreases rapidly and becomes negligible in comparison
with the impurity and AS scattering rates below ∼ 25 K.
Although the approximation given by (6) is too rough to
obtain the true temperature dependence of the inelastic
scattering rate, it is instructive to compare the obtained
power dependence with results from literature. Thermal
Hall angle measurements performed in the same YBCO
twinned crystal show that cot(θH) = mH/τH ∝ T
4 down
to ∼ 20 K (mH is the effective mass and τH is the Hall
scattering time of the quasiparticles responsible for the
Hall signal).10 The power law dependence obtained for
τ−1H ∝ T
4 is similar to that obtained for the longitudi-
nal scattering rate assuming a d−wave pairing.20 Since
quasiparticle-quasiparticle scattering mechanism should
be the dominant temperature dependent inelastic scat-
tering below Tc, we expect a rate proportional to the
density of quasiparticles. Interestingly, within the sim-
ple two-fluid model we expect a density of quasiparticles
proportional to (T/Tc)
4. On the other hand, a T 3 depen-
dence is expected within the spin-fluctuation scattering
picture29.
V. SUMMARY
In summary, we have measured the longitudinal ther-
mal conductivity κxx in two single crystals of YBCO in
the presence of a planar magnetic field which was rotated
parallel to the CuO2 planes, from T ∼ 10 K up to a few
Kelvins below Tc. Fourfold oscillations were recorded
below ∼ 20 K. Above this temperature the angle depen-
dence of the longitudinal thermal conductivity changes;
from the minimum at θ = 0◦ (field parallel to the heat
current) a maximum develops at high T . The observed
behavior in the whole temperature range can be very
well reproduced by a model involving Andreev scatter-
ing of quasiparticles by vortices and the two-dimensional
BRT expression for the thermal conductivity assuming
a d−wave pairing. The overall results agree with the
dx2−y2-pairing symmetry of the order parameter. This
agreement suggests that the mechanisms that influence
the behavior of the quasiparticles below Tc and above
∼ 10 K are well described by the Fermi liquid theory at
nearly optimal doping. The small differences found in the
angle patters between the twinned and untwinned sam-
ples can be explained in terms of the different impurity
concentration as well as oxygen deficiency and are ac-
counted for by the phenomenology exposed in this work.
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